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Abstract 
Stimuli-responsive polymeric membranes have attracted the attention of researchers all around the world owing to 
their potential applications in the fields of controlled drug delivery, bioseperation, water treatment, and chemical 
sensors. N-isopropylacrylamide (NIPAAM) is well known for its novel thermo-sensitive behavior in aqueous media, 
was successfully grafted on the surface and in the pores of polycarbonate track etched membrane (PCTE).The 
influence of reaction parameters such as monomer concentration, reaction time, reaction temperature and 
concentration of the initiator on the grafting yield was investigated in detail. Optimum conditions pertaining to 
maximum percentage of grafting were evaluated as a function of these parameters. Maximum percentage of grafting 
(92%) was obtained at benzoyl peroxide concentration = 0.08 M, NIPAAM concentration = 6 v/v, and reaction 
temperature at 600 qC in a reaction time of 5 h. The microstructure and morphology of the PCTE-g-NIPAAM 
membranes were characterized through Fourier transform infrared spectroscopy (FTIR), scanning electron 
microscopy (SEM) studies. Water Contact Angle Measurement was used to study the hydrophilic behavior of the 
grafted membranes. These grafted membranes were investigated for their swelling behavior. The thermo-sensitive 
behavior of the PCTE-g-NIPAAM membranes was studied. The diffusion coefficient of the model drug salicylic acid 
through pristine PCTE and the PCTE-g-NIPAAM membranes was determined 
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1.  Introduction 
Stimuli-sensitive polymers have gained much attention because of their excellent chemical or physical 
responses to minute changes in physiological conditions and have biomedical applications such as drug 
delivery [1], bioseparation [2], enzyme immobilization [3], cell culture for tissue engineering [4], etc. 
Thermo-sensitive polymers, such as poly (N-isopropylacrylamide), PNIPAAm, exhibit remarkable 
hydration–dehydration changes in aqueous environments in response to changes in temperature near its 
lower critical solution temperature (LCST) [5]. Below the LCST, the hydrogen bonds between the amide 
groups in PNIPAAm and the surrounding water molecules lead to polymer chain expansion and water 
retention in the polymer gel. As the temperature increases higher than the LCST, the PNIPAAm 
hydrophobic groups are exposed and the hydrogen bonds with water are interrupted. The water molecules 
are squeezed out of the polymer and the PNIPAAm gel starts to shrink. These polymers, unfortunately, 
usually lack sufficient mechanical strength to be used alone in practical applications. Other studies have 
aimed at manufacturing composite membranes by grafting PNIPAAm onto high-strength polymeric 
micro-porous films. The grafting methods include irradiation [6-10], UV photografting [11-13], ion-
tracking [13,14], and plasma modification [15-17]. An additional valve function can be obtained with the 
approach of grafting thermo-sensitive polymers onto a porous support. The on- or off-state of the valve is 
manipulated by the swelling or shrinkage of the PNIPAAm constituent.  
In this work, an attempt has been made to prepare thermo-sensitive membranes through grafting of 
NIPAAm onto a polycarbonate (PCTE) track-etched membrane by using chemical graft-copolymerization 
method using benzoyl peroxide (BPO) as initiator [18]. The grafted membrane was characterized by using 
scanning electron microscopy (SEM) and Fourier transform infrared (FTIR) spectroscopy. The effect of 
various parameters like monomer concentration, reaction temperature, initiator concentration and the 
reaction time on grafting has been investigated. The hydrophilicity of the PCTE-g-NIPAAm was studied 
through water contact angle measurements. 
2. Experiment 
2.1. Materials and Methods  
PCTE membrane (Nuclepore) with pore size of 0.8 μm and 47 mm in diameter was supplied by 
Millipore Corporation. Benzoyl peroxide (BPO) used as initiator and NIPAAm obtained from Sigma 
Aldrich were used without further purification. All the solvents and other chemicals were of analytical 
grades and were used as received. Double distilled water was used as the reaction medium for graft 
copolymerization. 
2.2. Graft copolymerization procedure  
The PCTE-g-NIPAAm membranes were prepared by chemical graft copolymerization of NIPAAm 
onto PCTE membranes under inert atmosphere. The reaction was carried out in Pyrex ampoules having a 
stop cork. PCTE membranes were immersed into the mixture of monomer, with a concentration varying 
from (2-10% v/v) and solvents in Pyrex ampoules. BPO was used as initiator in the reaction mixture. 
PCTE membranes were immersed into the mixture of monomer concentration varying from (2-10% v/v) 
and solvents in Pyrex ampoules.The reaction mixture was deaerated by bubbling nitrogen gas for 15-20 
min under stirring and sealed. The reaction mixture was heated in a thermostated water bath to initiate the 
graft copolymerization reaction. The reaction was carried out at different temperatures varying in the 
range of 40-80 qC and for different time periods varying in the range of 2 to 5 h to find out the optimized 
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condition. A constant flow of nitrogen was maintained during the graft copolymerization process. After 
heating, the PCTE-g-NIPAAm membranes were taken out from the monomer solution in the ampoules 
and washed by stirring for 24 h with ethanol at room temperature. The washing process ensured complete 
removal of the unreacted monomer and the remaining homopolymers that may be occluded in the grafted 
membranes. The copolymers were then dried in a vacuum oven at 60 qC till constant weight was obtained. 
The percentage of grafting (%Pg) was calculated from increase in weight of the original film. The degree 









Where Wg and Wo are the weights of the grafted and ungrafted membranes, respectively.  
Percentage of grafting has been determined as a function of monomer concentration, reaction 
temperature, initiator concentration and the reaction time respectively. 
2.3. Characterization 
Fourier transform infrared spectroscopy (FTIR): FTIR of the ungrafted and grafted membranes were 
performed using Thermo 5700 FTIR spectrophotometer in the range of 400-4000 cm-1.   
Scanning electron microscopy (SEM): SEM (model LEO-435VP) was employed to study the surface 
morphology of PCTE and PCTE-g-NIPAAm at (1000u) magnification. A thin layer of gold was sputtered 
on the sample surface prior to SEM measurement. The SEM measurements were performed at an 
accelerating voltage of 15 kV. 
Contact angle measurement: Static water contact angles of the pristine membrane were measured at           
25 qC and 40 qC at 50% relative humidity by the sessile drop method, using a 3 μL water droplet in a 
telescope goniometer (contact angle instrument). The telescope with a magnification power of 23u was 
equipped with a protractor 1q graduation. The angles reported were reliable to ± 3q. The contact angles of 
water droplets on PCTE and surface modified PCTE surfaces were used to determine the change in 
hydrophilicity of the film surface. The relative hydrophilicity or hydrophobicity of each membrane can 
be easily gained by this measurement.  
Diffusion studies: Franz’s diffusion cell, with an internal diameter of 3 cm, was used to evaluate the 
diffusion coefficient (D) of salicylic acid (SA) through the PCTE and the PCTE-g-NIPAAm membranes. 
The donor and receptor chambers were separated by the ungrafted and the grafted membranes. Three 
hundred milligram of SA was dissolved in 5 mL of ethanol and the volume was made up to 100 mL by 
distilled water to make 0.3% w/v SA solution. 2.5 mL of SA solution was taken in the donor chamber. 
The receptor chamber, equipped with a magnetic stir bar and a sampling port, contained 59 mL of 
distilled water. The receptor fluid was kept in constant stirring at 37 qC during diffusion experiment. The 
temperature was maintained constant by circulating water through the jacket, surrounding the receptor 
chamber. 0.1 mL of donor aliquot was withdrawn and 1.0 mL of the receptor fluid was replaced by 
distilled water periodically at stipulated intervals of time. The concentration of SA in each chamber, as a 
function of time, was determined by spectrophotometric analysis of the withdrawn aliquots at 297 nm.  
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3.  Results and Discussion 
3.1. Parameters affecting grafting 
Effect of monomer concentration. It can be observed from the Figure 1, that the grafting percentage 
increases with increasing monomer concentration giving maximum percentage (92%) at monomer 
concentration of 8% V/V NIPAAm and then decreases with further increase in the concentration of 
NIPAAm. The initial increase in grafting may be due to the reason that most of the monomer is utilized 
by the available free radical sites on the polymer backbone. A rapid increase of the %Pg is due to the 
lateral diffusion of the monomer. The grafting reaches a maximum value and thereafter decreases. This is 
because the number of free radical sites available on the polymer backbone becomes a limiting factor. 
Fig. 1. Effect of monomer concentration onto percentage 
grafting; [BPO] = 0.06 M; [Temperature] = 60 oC; [Time] = 5 h;   
[N2 gas] = 20 min. 
Fig. 2. Effect of temperature onto percentage grafting; [BPO] = 
0.06 M; [Monomer concentration] = (8 V/V-%); [Time] = 5 h; 
[N2 gas] = 20 min. 
Effect of temperature. The effect of reaction temperature on the graft polymerization was studied at 
temperature varying from 40 qC to 80 qC. The results are shown in Figure 2. It can be seen that an 
increase of temperature up to 60 qC increases the percentage of grafting. This may be due to the increase 
of the initiation and propagation rates of graft copolymerization. It is also due to increase in the 
decomposition of the initiator leading to the formation of more free radicals. But beyond 60 qC, the 
grafting rate decreases because at higher temperatures, higher combination rates of monomer are obtained 
increasing homopolymerization reactions, which result in a decreased grafting rate.   
Effect of reaction time. The effect of reaction time on the graft polymerization was studied. It can be 
seen from Figure 3 that the percentage of grafting increases sharply with increase in the reaction time 
from 2 h to 5 h. After that it decreases smoothly. The decrease in grafting percentage after optimum time 
can be due to the induced decomposition of the monomer leading to decrease in active radicals required to 
generate active sites on polymeric back bone. 
Effect of initiator concentration: BPO used as initiator, was added in different concentrations ranging 
from 0.02 M to 0.08 M as shown in Figure 4. It is observed   that the percentage of grafting yield slightly 
increases with increasing initiator concentration up to 0.08 M, after which it starts to decrease. Maximum 
grafting yield is 85% at this value. This indicates that this optimum concentration is sufficient to inhibit 
the possible homopolymerization. Above this value, ions of BPO move to the surface of PCTE and 
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inhibits the growing macroradicals on the graft. This is because in this system, the BPO initiator is 
inefficiently used. There is wastage of initiator due to its induced decomposition by the attack of 
propagating radicals on the initiator. 
Fig. 3. Effect of reaction time onto percentage grafting; [BPO] = 
0.06 M; [Monomer concentration] = 8 V/V-%; [Temperature] = 
60 qC; [N2 gas] = 20 min. 
Figure 4: Effect of initiator Concentration onto percentage of 
grafting; [Monomer Concentration] = 8 V/V%; [Temperature] = 
60 oC; [Time] = 5 h; [N2 gas] = 20 min. 
3.2. Characterization 
FTIR spectroscopy. The chemical structure of the PCTE and the PCTE-g-NIPAAm membranes was 
studied by FTIR spectroscopy. As shown in Figure 5. The PCTE membrane exhibited significant peaks at 
1765 cm-1 (C=O) stretching which were due to the C=O stretching vibrations of the ester group in the 
polycarbonate membrane.  However, comparing the spectra of the PCTE-g-NIPAAm membrane with that 
of the pristine PCTE, the new absorption band appear at 1730 cm-1 corresponding  to the (-C=O) carbonyl 
group of the NIPAAm. The band at 1650 cm-1 and 1722 cm-1 are due to the amide bond of NIPAAM. 
These bands are absent in the spectra of virgin PCTE. The absorption bands of above peaks are indicative 
of the existence of NIPAAm deposited on PCTE membrane and might have reacted with backbone of 
PCTE through graft copolymerization reaction.  
 
Fig. 5. FTIR spectra of Virgin PCTE and PCTE-g-NIPAAm 
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SEM analysis. The surface morphology of the pristine PCTE and the PCTE-g-NIPAAm membranes with 
different grafting yields i.e. 23%, 75%, 92% were studied by SEM at magnification of 1000u and shown 
by Figures 6a-d. The composition of the PCTE-g-NIPAAm with that of pristine PCTE shows clearly the 
change in the topography of the PCTE surface. It is clearly revealed that after grafting with NIPAAm, the 
morphology of PCTE membrane changes not only on the surface but also inside the membrane, indicating 
that NIPAAm monomer were grafted not only on the surface but also inside the porous area of PCTE. It 
could also be seen from the figure that the pristine PCTE membrane have uniform pore geometry. After 
grafting, the pore size decreased.      
Fig. 6. SEM images (a) pristine PCTE, (b) PCTE-g-NIPAAm 23%, (c) PCTE-g-NIPAAm 75%, d) PCTE-g-NIPAAm 92% 
membranes. 
Water contact angles. The relative hydrophilicity or hydrophobicity of each membrane can be easily 
gained by this measurement. The contact angle of the pristine PCTE membrane decreased from 74 at           
25 qC to 62 at 40 qC. This was due to the liquid surface tension between liquid and air decreases with 
increasing the temperature, and the decrease of the liquid   surface tension causes the decrease of contact 
angle [19].  The contact angle of PCTE-g-NIPAAm increases from 59 at 25 qC to 83 at 40 qC. This was 
due to the hydrophilic/hydrophobic change of the grafted NIPAAm layer on the PCTE-g-NIPAAm 
membrane surface when the temperature varied across the LCST of NIPAAm (around 32 qC).  
 
Fig. 7. Temperature- sensitivity as a function of different percentage of grafting 
Temperature-sensitivity. NIPAAm undergoes a sharp coil–globule transition in water at 32 qC, changing 
from a hydrophilic state below this temperature to a hydrophobic state above it. It can be seen from the 
figure 7 that below the LCST, the grafted NIPAAm is in the swollen state, and the pores in the membrane 
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are expected to be “closed” by the NIPAAm; In contrast, the grafted NIPAAm is in the shrunken state at 
temperatures above the LCST, and therefore the pores in the membrane are expected to be “open”.  
Diffusion coefficient. Typical variation of the amount of SA in the two chambers, when the receptor 
contained distilled water, during a experiment with PCTE and PCTE-g-NIPAAm membranes is shown in 
Figures 8a and b. It was observed that SA content gradually decreases in the donor chamber and 
simultaneously increases in the receptor. SA concentrations in the two chambers at any time, t, could be 
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Where, CD(0) = initial concentration of SA in donor; CR(0) = initial concentration of SA in receptor;   
CD(t) =concentration of SA in donor after time t; CR(t) = concentration of SA in receptor after time t;             
AH = effective cross sectional area of diffusion in the membrane; WH = width of the membrane;             
V1 = volume of SA solution; and V2 = volume of distilled water in receptor. 








  (denoted by –ln u) with time,  
as shown in Figure 8, yielded a straight line. Slope of this line can be used to calculate D. Diffusion 
coefficient of SA through pristine membrane was found to be 22.93 u 10-6 cm2/s. Diffusion coefficient of 
SA through grafted membrane was found to be 4.42 u10-6 cm2/s. 
 
(a) (b) 
Fig. 8. (a) Release of SA from Pristine PCTE membrane, (b) Release of SA from grafted PCTE-g-NIPAAm membrane 
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It can be observed from these figures that the pristine PCTE membrane shows more diffusion because 
of the more number of pore as compared to that of grafted membrane in which the membrane surface was 
covered by a thin layer of NIPAAm.   
3. Conclusion 
Using BPO as initiator hydrophilic monomer NIPAAm was successfully grafted on the surface and 
pores of PCTE membranes through chemical graft copolymerization method. The reaction parameters 
such as concentration of monomer, reaction temperature, initiator concentration and the reaction time can 
be optimized to produce membranes with desired physical and chemical properties. The present study has 
shown that chemical graft copolymerization is a relatively simple and effective approach to the 
preparation of functionalized PCTE membranes with well controlled pore size and uniform surface 
composition. From diffusion studies it has been observed that the pristine PCTE membrane shows more 
D value as compared to the PCTE-g-NIPAAm membrane. Hence, these membranes could be tried for 
various biomedical applications, such as drug delivery systems and moist wound dressing. 
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